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SUMMARY

A modified method of Van Driest's flat-plate theory for turbulent
boundary layer has been found to simplify the calculation of local skin-
friction coefficients which, in turn, have made 1t possible to obtain
through Reynolds enalogy theoretlcal turbulent heat-transfer coeffi-
cients in the form of Stanton number. A general formula 1s given and
charts are presented from which the modified method can be solved for
Mach numbers 1.0 to 12.0, temperature ratios 0.2 to 6.0, and Reynolds

numbers 0.2 x 100 to 200 x 10°.
TNTRODUCTION

Van Driest's theory has been found to be the most convenient of the
turbulent theories as a means of estimating skin temperatures for the
meny flight trajectorlies at the Langley Pilotless Aircraft Research
Division for various Mach numbers, temperature ratios, and Reynolds
numbers; the theory has agreed well with experimental data. However,
Van Driest's equation cannot be solved directly and a rapld means of
obtaining theoretical values was desired. Inasmuch as the presentation
of Van Driest's theory in the form of plots in sufficiently small Incre-
ments for accurate and easy interpolation would require too many plots
to be practical, a modification was devised which, with one equation and
three charts, gives values of skin-friction coefficlents in the range of
Mach numbers 1.0 to 12.0, temperature ratios 0.2 to 6.0, and Reynolde num-

bers 0.2 X 106 to 200 x 106. This modified method along with the nec-
essary charts is presented herein.

SYMBOLS
locel skin-fricti fPicient, =0H iw
(@] =3 Nn=tric on coe clien —_— T
Cf ) p_ve = %pvz_

cp specific heat of air at constent pressure, BTU/1b-CF



Subscripts:
W

o]

gravitational force, 32.2 ft/sec?
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aerodynamic heat-transfer coefficient, BTU/sec-ft2-OF

correction factor

Mach number

Stenton number, h
goVey

Reynolds number, EEE

temperature, °r
veloclty, ft/sec

characteristlic length, ft

slope of stralght-line approximation of

(fig. 1)
ratio of specific heats, 1.4
density of alr, slugs/cu ft

shear stress, slugs/ft-bec® ¢ —
y »

absolute viscosit& of alr, slugs/ft-sec

constant in power law for viscosity, namely,

wall
free-stream condition

straight line

cy agalnst R
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DISCUSSION

Method for Turbulent Flow
Van Driest's flat-plate tyeoyy for turbulent boundary layer (ref. 1)

in the form assuming the Vop Karmop sipllerlify.law-for length
(ref. 2) 1s expressed in the equation for the local skin friction as™.

[

A-2 B
0.24k2 sin-1 5K + sin-1 5K _
o\ 1/2¢ - 1/2 ‘ 1/2
Al )l/zT—W £2+1/ i3_2+1/
Ce,e) g, ) 2h 2A
0.k1 + log; Rmcf_."eo -:leoglo %ﬂ o - (1)
e [41% 128 ""”,‘;“'_’f? L itt an
where R ' ~ /iffL— 7
1 LA
- A% - _2 = 2 -1  ®=0.76
TW/TOO TW/TOO ‘

The value of ) obtained from equation (1) may be used to deter-

mine the heat-transfer coefficient in the form of Stanton number according
to reference 3:

R e B

Some values of cf were obtained from equation (1) for a range of

%E from 0.2 to 6.0, Mach numbers from 1.0 to 12.0, end R from O.2><lO6

o2}

o 200 X lO6 wlth a punched-tape digltal computer meking as many as
11 iterations. The curves of cp against R on log plots for given

Mech numbers and temperature ratlos were found to closely approximate a

stralght line falred through the values for Reynolds numbers of 1 X 106

and 40 x 106, as can be seen from the typical plots in figures 1(a)
and 1(b) which are for Mach numbers of 1 and 5, respectively, and for

%K of 0.2, 2.0, and 6.0. This straight line can be expressed
[+1]
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Ce g = A (3)

and since c is equal to ¢ at R=1x lO6
f,s £ ’

(1 x 108)*

A= (e p_15a06

Thus,

:L><1o6

e - (°f)R_;xloJ (1)

In order to evaluate Z 1t 1s necessary to substltute another set of
velues into equation (&), such as R = 40 x lO6 and cp at R = LO x 106

_ (cf)R=1><lO6
(cf)R=40xlo6 ~ fho x 106\2
1 x 106

and

log zfo = 6

g = £) R=box106 (5)
log 40

It can be seen that, with a chart of ce a8t R=1xX 106 and a plot of

Z as a function of M and %ﬂ, values of cp o can be obtained easily
o0 4 .

from equetion (k) for eny conditions of M, %E, and R.
.———-—-—'—v——_—-‘——m . -
[+
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Values of 2 for a range of Mach numbers from 1.0 to 12.0 at tem-
perature ratios of 0.2 to 6.0 have been computed from equetion (5) by

using values of cy at R =1X lO6 and R = 4O x lO6 obtained from

the solution on the digital computer of Van Driest's equation. (See
eq. (1).) The values of cy are listed in teble I. The values of Z

are shown in figure 2(a) plotted against Mach number for several temper-

T
ature ratios. A cross plot of Z against EE for several Mach numbers

[+
is shown in figure 2(b) which can convenlently be used to aid in inter-
polation. Accurate values of cg calculated by the digltal computer

for a value of R of 1 X lO6 for use in equation (4) are shown in fig-
ure 3(a) plotted sgainst Mach nmumber and are cross-plotted in 3(b)

Ty
against T;'
Because Van Driest's curves of cy agalnst R depart from the

straight-line expression of equation (h), a correction factor k depend-
ent on R 1s necessary for a higher degree of accuracy. The local skin-
friction coefflicient can then be written

Cf = ka,s_ (6)

Values of k have been determined by compering cp o with solutions
b4
of Van Driest's equation for Mach numbers 1, 3, 6, 9, and 12, at temper-

ature ratios of 0.2, 2.0, and 6.0, and at Reynolds numbers of 0.2 X 106,

b ox 106, 10 x 106, and 200 X 106. Figure 4 gives the correction factor
k against R <for the three temperature ratios and can be used for all
Mach numbers from 1.0 to 12.0 since k proved to be slmost Invariant
with Msch number. '

The present method consists in solving equation (4) for Ce g by
J

use of figures 2 and 3 and then determining cg from equation (6). by

use of figure 4. This procedure ylelds values of ce well wilithin

+1.0 percent of Van Driest's theory. If e s is not corrected for

k (fig. h), the wvalue obtalned will be within +3.0 percent of the theory

for R between 0.5 x 100 and 100 x 106.
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Laminar Flow

As a matter of convenience a chart is included for the determination
of Ngt for laminar-flow conditions. Figure 5 is a plot of Nstvﬁg

against M for varlous values of %E obtalned from reference 4.
=]

ACCURACY

The basic values of cp &t R =1 X 106 and R = k0 x 10% )
(figs. 3(a) and 3(b) and teble I), which were computed from Van Driest's
equation (eq. 1) by the punched-tape digiﬁal computer with several lter-
ations (approximately ll), are correct to four signlficant flgures.

The curves of Z (figs. 2(a) and 2(b)) are faired smooth from
point to point and when used in equation (%) will give essentially exact

sgreement at R = 1 X lO6 and R = 4O x 106.

The meximum error in k due to neglectlng the influence of M 1ls
+0.75 percent.

CONCLUDING REMARKS

A modified method of Van Driest's flat-plate theory for turbulent
boundary layer hes been found to simplify the calculation of local skin-
friction coefficients which, in turn, have made it possible to obtain
through Reynolds anslogy theoreticel turbulent heat-transfer coefficients
in the form of Stanton number. A general formula 1s given and charts
are presented from which the modified method can be solved for Mach num-
bers 1.0 to 12.0, temperature ratios 0.2 to 6.0, and Reynolds nunbers

0.2 x 106 to 200 X 106.

Langley Aeronautical Laboratory, .
National Advisory Committee for Aeronautics,
Lengley Field, Va., June 20, 1956.
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TABLE 1

VALUES OF SKIN~-FRICTION COEFFICIENT

T T T
W o202 - 062X = 1.0 = 2.0|=¥ = 3.01=X = L.02¥ = 6.0
T 0.2 T T T T 3 T T

cp at R=1x 106

|_l
K;O\OCD IV WO EHO
OO0 [eNoNeAN)

0000

0.005100|0.004170 {0.003673 0.002990}0.002610 |0.002350 [0 .002005
.00kook| .004OTO| .003603| .0029L8} .002578| .002328| .002000
.00k290| .003709| .003345} .002800f .0024T75| .002251| .001950
.003596| .003258| .003005| .002593| .002328| .002137] .001875

.002978| .002812| .002652| .002357] .002153| .002000| .O0L7T9
.002475| .002417| .002325| .002126| .001974| .001854| .001675
.002078| .002084| .002036| .001907| .001798| .001TO8| .001566
.001764%| .001809| .001788| .00LTLl| .001635| .001568] .001460

.001516] .001581| .001582] .001539| .00L489| .001L41| .00L357
.001317| .001394| .001407| .001389] .001357| .001323| .001262
.001156] .001237| .001258| .001259| .00124l| .001218} .001Ll73
.000913] .000995| .001025| .001047| .00LOL6| .001039} .0010L7

cp at R =40 x 100 S

RO S IR S I VI o
QOO0 O O Oowm

R O\ @
QOO0

e

.003033| .002383%| .002048| .00160T} .001370| .001210} .001000
.002915| .002321| .002007| .001583] .001350| .001195} .000997
.002537| .002107| .001857| .001k99| .001293 .00115L | 000970
.002113| .001838| .001660} .001382] .001211}| .001091| .000930

.001736] .001577| .001456| .001250| .001115] .001017} .000879
.001433] .001346| .001267| .001120} .001016} .000938| .00082k4
.001193| .001152} .001102{ .000999| .000921| .000860| .000T6T
.001006| .000993| .000962| .000890] .000833| .000785| .00071L

.000859| .000862) .000845]| .000796] .00075k| .000TLT| .000658
.0007k2| .000754| .000746| .000714| .000683| .000655| .000608
.000646| .000666| .00066%3| .000643f .00062C| .000593| .000562
.000505] .000530| .000533| .000528} .000517| .000505| .000L82




- ™~
1nnx1n~|l- . _
babhiiiiahd 1 I TR

g0 B
40 : o Equatl 1
e T _ _ 0 — {2, o i :
1o il il i B X
3 ' : e k
H TF %
HiN I'ln [} H 1. ! : |' L ; H - il A" !
d Lid i 5! 7 n-!
20 d -
EEREEN 2,0
10 H LA i - m _.
8 - 640

(a) Mach mumber of 1.

Figure 1l.- Varlation of local skin-friction coefficient with Reynolds
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(a) Variation with Mach number for several temperature ratios.

Figure 2.- Values of Z as a function of Mach number and temperature

ratio.
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(p) Variation with temperature ratic for several Mach numbers.

Flgure 2.- Concluded.
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(a) Variation with Mach number for several temperature ratiocs.

Pigure 3.- Local skin-friction coefficient for a Reynolds mumber of
1 X 106 as a functlon of Mach number and temperature ratlo.
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Figure 3.~ Concluded.
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Figure 5.- Local heat-transfer coefficlent for laminar boundery layer
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of a compreasible £luid flowing along a flat plate.

NACA -~ Langley Fleld, Va.



